The retinoic acid receptors (RARs) recruit coactivator and corepressor proteins to activate or repress the transcription of target genes depending on the presence of retinoic acid (RA). Despite a detailed molecular understanding of how corepressor complexes function, there is no in vivo evidence to support a necessary function for RAR-mediated repression. Signaling through RARs is required for patterning along the anteroposterior (A-P) axis, particularly in the hindbrain and posterior, although the absence of RA is required for correct anterior patterning. Because RARs and corepressors are present in regions in which RA is absent, we hypothesized that repression mediated through unliganded RARs might be important for anterior patterning. To test this hypothesis, specific reagents were used that either reduce or augment RAR-mediated repression. Derepression of RAR signaling by expressing a dominant-negative corepressor resulted in embryos that exhibited phenotypes similar to those treated by RA. Anterior structures such as forebrain and cement gland were greatly reduced, as was the expression of molecular markers. Enhancement of target gene repression using an RAR inverse agonist resulted in up-regulation of anterior neural markers and expansion of anterior structures. Morpholino antisense oligonucleotide-mediated RAR␣ loss-of-function phenocopied the effects of RA treatment and dominant-negative corepressor expression. Microinjection of wild-type or dominant-negative RAR␣ rescued the morpholino phenotype, confirming that RAR is functioning anteriorly as a transcriptional repressor. Lastly, increasing RAR-mediated repression potentiated head-inducing activity of the growth factor inhibitor cerberus, whereas releasing RAR-mediated repression blocked cerberus from inducing ectopic heads. We conclude that RAR-mediated repression of target genes is critical for head formation. This requirement establishes an important biological role for active repression of target genes by nuclear hormone receptors and illustrates a novel function for RARs during vertebrate development.
Retinoids regulate many aspects of vertebrate development and organogenesis, primarily through the actions of two classes of ligand-activated transcription factors, the RARs and RXRs. RARs are activated by all-trans and 9-cis retinoic acid (RA), whereas RXRs are activated by 9-cis retinoic acid (Blumberg 1997) as well as a small number of other nonretinoid compounds (Kitareewan et al. 1996; de Urquiza et al. 2000) . RARs function as obligatory heterodimers with RXR, whereas RXRs can also function as homodimers (Mangelsdorf and Evans 1995) . The biosynthesis of RA is largely under the control of retinaldehyde dehydrogenase 2, whereas the majority of retinoic acid clearance is thought to be mediated by CYP26 (Maden 1999; Swindell et al. 1999) . Transcriptional activation by retinoid receptors is thus dependent on the presence of the receptors, the ligands, and transcriptional coregulators (Minucci and Pelicci 1999) .
RARs, like many other nuclear receptors, recruit different sets of cofactors depending on whether or not ligand is bound to the receptor. The receptor binds to DNA and, in the presence of ligand, recruits a coactivator complex that acetylates histones and activates transcription. The role of RAR as a transcriptional activator is well documented from loss-of-function analyses and it is known to be essential for numerous processes during development (Mark et al. 1999 ). In the absence of ligand, RARs bind to DNA and interact with corepressors such as SMRT (silencing mediator of retinoic acid receptor and thyroid hormone receptor) (Chen et al. 1996) and N-CoR (nuclear receptor corepressor) (Horlein et al. 1995) . Both corepressors recruit Sin3 and histone deacetylases (HDACs), thus forming multisubunit repressor complexes that deacetylate histones, leading to chromatin condensation and transcriptional repression (for review, see Glass and Rosenfeld 2000; Hu and Lazar 2000) . It is well known that transcriptional repression plays many important roles in development (Mannervik et al. 1999) . Targeted disruption of N-CoR confirms the involvement of corepressor proteins in erythrocyte, thymocyte, and CNS development (Jepsen et al. 2000) . However, until now there has been no evidence to support an essential normal biological role for the repression mediated by unliganded nuclear receptors.
Secreted factors released from the organizer and its derivatives regulate neural induction and anteroposterior (A-P) patterning of the neuroectoderm during early amphibian development (for review, see Sasai and De Robertis 1997) . Vertebrate neural induction and A-P patterning begin during gastrulation and continue throughout neurulation. We and others showed that signaling through retinoid receptors is required for the formation of primary neurons Sharpe and Goldstone 1997, 2000) and correct A-P patterning of the CNS Kolm et al. 1997; van der Wees et al. 1998) . Up-regulation of retinoid signaling by treating early embryos with exogenous RA or microinjecting constitutively active RARs can convert anterior neural tissue to posterior values at low levels while leading to anterior truncations at high levels (for review, see Blumberg 1997) . Taken together, these data support the identification of retinoid signaling as an essential component of the activity required to posteriorize the embryonic A-P axis.
A variety of endogenous bioactive retinoids exist in embryos (Durston et al. 1989; Pijnappel et al. 1993 Pijnappel et al. , 1998 Blumberg et al. 1996) although their spatial distributions are not well characterized. Two critical enzymes regulate the availability of RA and consequently its role in A-P patterning. RALDH-2 converts retinaldehyde to RA and is thought to be the primary source of RA during development. In contrast, CYP26 converts RA to 4-OH RA and is thought to mediate the breakdown and clearance of retinoic acid (White et al. 1996; Maden 1999) . However, it is interesting to note that 4-OH and 4-oxo RAs are as active as RA in embryos (Pijnappel et al. 1993 (Pijnappel et al. , 1998 , whereas 4-OH and 4-oxo retinol and retinaldehyde are more biologically active than retinol or retinaldehyde (Achkar et al. 1996; Blumberg et al. 1996) . RALDH-2 is expressed predominantly in the posterior mesoderm with a sharp anterior border in the gastrula at what will become the level of the first somite (Chen et al. 2001) . CYP26 is expressed in the prospective anterior neural plate as well as the underlying prechordal mesoderm at gastrula (Hollemann et al. 1998; de Roos et al. 1999 ). Neither enzyme is expressed in the region that will become the hindbrain (Maden 1999; Chen et al. 2001) . Mice deficient in RALDH-2 expression exhibit severe posterior axial defects but no obvious effect on anterior CNS (Niederreither et al. 1999) . Experiments with retinoid-responsive reporter mice show that RAR signaling is absent in anterior neural tissue during gastrulation (Rossant et al. 1991) , although RARs are present. These studies suggest that transcriptional activation through RARs is not required at the anterior part of the embryo (Maden 1999; Chen et al. 2001) . Down-regulation of RA synthesis by misexpressing CYP26 in Xenopus embryos expands the expression domain of anterior neural markers (Hollemann et al. 1998) , whereas mice deficient in CYP26 exhibit defects in anterior neural patterning (Abu-Abed et al. 2001) . The available evidence therefore suggests that the absence of retinoid signaling is required for anterior patterning.
RAR␣ and RAR␥ are both expressed in prospective anterior tissues during Xenopus development at the time when embryos are sensitive to treatment with exogenous retinoids (Ellinger-Ziegelbauer and Dreyer 1991, 1993; Sharpe 1992; Pfeffer and De Robertis 1994) . We hypothesized that repression mediated by unliganded receptors might play an important role in anterior patterning and investigated the effects of modulating this repression on early development. Derepression of RAR signaling was achieved by microinjecting a dominantnegative corepressor into Xenopus embryos. The resulting embryos exhibited phenotypes similar to those treated with RA in that anterior structures such as forebrain and cement gland were greatly reduced. Morpholino antisense oligonucleotides were used to investigate the effect of RAR␣ loss-of-function. Injected embryos showed a posteriorized phenotype very similar to those treated with RA or microinjected with the dominantnegative corepressor. The morpholino phenotype could be rescued by wild-type RAR␣ or its dominant-negative variant, confirming that it is repression by RARs that is critical for head formation. Enhancement of target gene repression by use of an RAR inverse agonist (AGN193109) expanded head structures and up-regulated anterior neural markers. We conclude that RARmediated repression of target genes is critical for the establishment of head structures. This requirement establishes an important biological role for nuclear receptor-mediated repression of target genes and illustrates a novel function for RARs during vertebrate development.
Results

Developmental expression of corepressors and xRAR␣
Corepressor proteins such as SMRT (Chen et al. 1996) and N-CoR (Horlein et al. 1995) repress transcription by interacting with nuclear receptors and other DNA-binding proteins and recruiting a complex containing histone deacetylase (HDAC) activity to the target promoters (Minucci and Pelicci 1999). We used human SMRT to screen for Xenopus homologs and identified 12 related cDNAs. DNA sequence analysis revealed that 11 cDNAs encode SMRT and 1 cDNA encodes N-CoR (data not shown). Whole-mount in situ hybridization and RT-PCR were used to evaluate the temporal and spatial expression of Xenopus corepressor mRNAs (Fig. 1) . Both mRNAs are expressed in the unfertilized egg and persist at relatively constant levels throughout early embryogenesis (Fig. 1A ). Both SMRT and N-CoR are widely distributed in the early embryo, particularly the ectoderm with lower levels in the dorsal and ventral mesoderm (Fig. 1B) . SMRT and N-CoR mRNAs are expressed in the developing CNS of neurula stage embryos (Fig. 1B) .
Two major isoforms of RAR␣ are expressed during early development, xRAR␣1 and xRAR␣2 ( Fig. 1; Sharpe 1992) . Both isoforms are expressed in the egg and persist throughout early cleavage. After gastrulation, the xRAR␣2 mRNA increases in abundance, whereas xRAR␣1 becomes undetectable ( Fig. 1A) (Blumberg et al. 1992) . No difference in the expression of the two isoforms could be detected by whole-mount in situ hybridization (data not shown). xRAR␣2 mRNAs are detectable throughout the ectoderm with higher levels in the dorsal and ventral marginal zones (Fig. 1B) . It is notable that RAR␣ and corepressor mRNAs show concordant temporal and spatial expression, particularly during the early gastrula stages that are most sensitive to RA signaling.
Inhibition of RAR-mediated repression by c-SMRT
Corepressors contain multiple, separable functional domains. These include repressor domains in the amino terminus of the protein and receptor-interaction domains in the carboxy-terminal part of the protein (for reviews, see Xu et al. 1999; Hu and Lazar 2000; Privalsky 2001) . Corepressor fragments containing only the receptor-interacting domains would be expected to compete with endogenous corepressors for receptor binding, preventing recruitment of HDACs and thereby relieving repression. Chen and colleagues showed that the carboxyterminal portion of SMRT, termed c-SMRT, which contains the receptor-interacting domains (but not the repression domains) could effectively release the repression effect in mammalian cells without affecting activation (Chen et al. 1996) . Thus, c-SMRT is a dominantnegative corepressor.
To establish that c-SMRT functions as a dominantnegative corepressor in vivo, we tested its ability to block repression mediated by unliganded Xenopus RAR␣. GAL-xRAR␣ mRNA was microinjected into Xenopus embryos together with a GAL4-dependent luciferase reporter in the presence or absence of coinjected c-SMRT mRNA. GAL-xRAR␣ can strongly repress the basal promoter activity (Fig. 2) presumably by interacting with endogenous corepressor proteins. Coinjection of c-SMRT mRNA completely relieved GAL-xRAR␣-medi- ated repression (Fig. 2) , showing that c-SMRT acts in a dominant-negative manner to relieve repression by endogenous corepressors. The overall level of RA-induced reporter gene activity was about twice as high in the presence of c-SMRT (Fig. 2) , suggesting that there are considerable amounts of endogenous corepressor proteins in the early embryo. As shown in Figure 1 , SMRT and N-CoR are expressed abundantly in the gastrula animal cap and later expressed in the neural plate and head. Treatment of the embryos with a receptor antagonist AGN193109 that stabilizes the interaction between RARs and corepressors enhances RAR-mediated repression (Fig. 2) . AGN193109 also reduces c-SMRT-mediated derepression of GAL-xRAR␣ (Fig. 2) . This is intriguing as one might expect that AGN193109 would stabilize the c-SMRT-RAR complex, leading to enhancement of derepression. One possible explanation for this result is that the full-length corepressors have a greater affinity for RAR than does c-SMRT.
Eliminating RAR-mediated repression abolishes head formation
We have shown previously that suppression of RAR signaling by microinjecting mRNA encoding a dominantnegative xRAR␣ enhanced the expression of anterior markers . Other studies have shown that the absence of retinoid signaling was required for normal anterior development (Hollemann et al. 1998; de Roos et al. 1999; Abu-Abed et al. 2001; Sakai et al. 2001) . We hypothesized that active repression by unliganded RARs, rather than the mere absence of retinoid signaling, is important for anterior patterning, and to test this, we took two complementary approaches to block RAR repression.
The developmental effects of uncoupling RAR-mediated repression from activation was tested by use of microinjection of c-SMRT mRNA. Microinjected embryos were allowed to develop until the tadpole stage, then fixed and scored for the degree of anterior development. Microinjection of c-SMRT gave rise to posteriorized embryos (54%, n = 180) (Fig. 3b) . Anterior structures such as cement gland and eyes were greatly reduced or absent and the embryos were shorter (Fig. 3 , cf. a and b with c), although the tails appeared largely unaffected. Remarkably, the most severely affected c-SMRT-injected embryos (Fig. 3b) exhibited effects similar to those elicited by treatment with RA (Fig. 3a) . We conclude that relief of RAR-mediated repression by c-SMRT is sufficient to posteriorize the embryonic A/P axis.
Because interference with SMRT-mediated repression might affect pathways other than RAR (e.g., thyroid hormone, Notch), another approach was taken to confirm the involvement of xRAR␣ in the phenotype elicited by c-SMRT injection. We microinjected an antisense morpholino oligonucleotide (Summerton 1999; Ekker 2000; Heasman et al. 2000) that inhibits translation from endogenous RAR␣ mRNAs. Embryos injected with a morpholino directed against RAR␣1 (Fig. 3d), RAR␣2 (Fig.  3e) , or a mixture of both oligos (Fig. 3f) showed phenotypes essentially indistinguishable from those injected with c-SMRT (Fig. 3b) or treated with RA (Fig. 3a) . A control morpholino oligo had no effect (Fig. 3c) . The mixed morpholino consistently gave the strongest phenotype, followed by the xRAR␣2 and then the xRAR␣1 morpholinos. Microinjection of xRAR␣1 (not shown) or xRAR␣2 mRNA (Fig. 3g) rescued the effects of the morpholino oligo, confirming that it is the loss of xRAR␣ protein that is responsible for the phenotype. To test whether RAR-mediated repression or activation was responsible for the rescue, we microinjected either a domi- nant-negative (Fig. 3h ) or constitutively active (Fig. 3i ) variant of xRAR␣1 . Only the dominant-negative receptor rescued the morpholino phenotype, confirming that repression by RAR was required for head formation. We conclude that reducing the degree of RAR-mediated target gene repression, either by blocking the ability of the receptor to repress transcription or by removing the receptor protein is essentially equivalent to RA treatment. This finding suggests that loss of RAR-mediated repression, rather than activation of RAR targets is primarily responsible for RA-induced defects in head formation.
Derepression of RAR signaling reduces anterior marker expression
We used microinjection of c-SMRT mRNA or morpholino antisense oligonucleotides followed by wholemount in situ hybridization with a panel of anterior neural marker genes to investigate the molecular basis of the anterior patterning defects elicited by derepressing RAR target genes. c-SMRT mRNA was microinjected into one dorsal blastomere of 8-cell embryos to allow precise comparison between the injected side of the embryo and the control uninjected contralateral side. Injected embryos exhibited reduced expression of Otx2 accompanied by a rostral shift in the posterior boundary of Otx2 expression (Fig. 4, cf. a and i) . c-SMRT injection significantly reduced xBF-1 and En2 transcript levels and shifted En2 rostrally ( Fig. 4b,j ; n = 65). At low doses (4 ng/embryo), the xRAR␣2 morpholino antisense oligonucleotide led to significant reduction of xOtx2, xBF-1, and En2 transcripts (data not shown). High doses (10 ng/ embryo) led to complete loss of xOtx2, xBF-1, and En2 transcripts ( Fig. 4k,l ; n = 30). We infer that derepression of RAR target genes by either blocking receptor-mediated repression with a dominant-negative corepressor or by reducing the expression of xRAR␣2 causes reduction or loss of anterior marker gene expression.
Increasing RAR-mediated repression enhances anterior marker expression
Because derepression of RAR leads to the loss of heads (Fig. 3) and down-regulation of anterior markers (Fig. 4) , we reasoned that increasing repression should have the opposite effect. Two classes of RA antagonists exist that differ in their ability to affect basal transcription. Neutral antagonists simply block the ability of RAR to bind RA, resulting in loss of activation (Klein et al. 1996) . Inverse agonists also block RA binding but have the additional property of stabilizing the receptor-corepressor complex (Klein et al. 1996 (Klein et al. , 2000 . Accordingly, inverse agonists lead to repression of basal transcription from promoters to which RARs bind. We used an RAR inverse agonist, AGN193109 (Johnson et al. 1995) , to test the effects of increasing repression from RAR target genes. Treatment with AGN193109 reduces basal transcription from RAR target genes both in cell culture (Klein et al. 1996) and in microinjected embryos (Fig. 2) . AGN193109-treated embryos were shorter and had larger heads and cement glands (Fig. 5b,c) than control embryos. AGN193109 treatment was able to overcome the effects of coadministered 10 −6 M RA in a dose-dependent manner (Fig. 5a ). Half-maximal and maximal rescue is observed at a molar ratio of AGN193109:RA of 1:1 and 10:1 (Fig. 5a) , consistent with the results observed in transfection experiments (Klein et al. 1996) . −6 RA causes anterior truncations; (b) c-SMRT overexpression causes anterior truncation similar to those elicited by RA treatment; (c) embryos microinjected with 10 ng of a control morpholino antisense oligonucleotide; (d) embryos microinjected with 10 ng of a morpholino antisense oligonucleotide directed against xRAR␣1; (e) embryos microinjected with 10 ng of a morpholino antisense oligonucleotide directed against xRAR␣2; (f) embryo microinjected with 10 ng of a morpholino antisense oligonucleotide directed against both xRAR␣1 and xRAR␣2; (g) 10 ng of the xRAR␣2 morpholino was rescued by coinjection with 500 pg of xRAR␣2 mRNA; (h) 10 ng of the xRAR␣2 morpholino was rescued by coinjection with 500 pg of dominant-negative xRAR␣ mRNA; (i) 10 ng of the xRAR␣2 morpholino was not rescued by coinjection with 500 pg of constitutively active VP16-xRAR␣ mRNA.
It is not possible to apply retinoids locally in the early embryo, therefore we used uniform treatment with AGN193109, or RA followed by RNase protection to quantitatively evaluate the expression of anterior marker mRNAs. XOtx2, XBF1, and XANF1 mRNAs were undetectable in RA-treated embryos (Fig. 5d) . In contrast, treatment with AGN193109 led to a marked increase in the expression levels of all three anterior markers (Fig. 5d) . This up-regulation of anterior neural markers by increased RAR-mediated repression provides strong support for our model.
RAR and head induction by cerberus
The secreted molecule cerberus is thought to antagonize the ventralizing effects of BMPs, Wnts, and nodal genes to allow head formation (Bouwmeester et al. 1996; Piccolo et al. 1999) . However, this model has not been demonstrated conclusively by loss-of-function analysis (Simpson et al. 1999; Belo et al. 2000; Shawlot et al. 2000) . When cerberus mRNA is microinjected into early Xenopus embryos, ectopic heads (as marked by eye and cement gland) are formed in ∼36% of the embryos (Fig. 6) . Because RAR-mediated repression is also required for head formation, we asked whether modulating RAR signaling affects the ability of cerberus to induce ectopic heads. Increasing RAR-mediated repression by microinjecting a dominant-negative xRAR␣1, or treating with AGN 193109, increased the number of ectopic heads to 71% and 88%, respectively (Fig. 6) . Conversely, coinjection of c-SMRT mRNA reduced the frequency of ectopic heads to 5% (Fig. 6) . Therefore, we conclude that the degree of RAR-mediated repression strongly influences the ability of ectopic cerberus to induce head structures and that repression by RAR is absolutely required for head formation in Xenopus.
Discussion
Many unliganded nuclear receptors (RAR, VDR, TR) suppress the activity of promoters to which they bind (Glass and Rosenfeld 2000; Hu and Lazar 2000) . This repression is mediated by interactions with corepressor proteins such as N-CoR and SMRT that recruit HDAC complexes to the promoter resulting in chromatin condensation ( intensive study by many laboratories, there has been little evidence until now for a required biological function associated with target gene suppression by unliganded nuclear receptors. It was shown recently that NCoR knockout mice exhibit increased levels of MAP2, suggesting that this putative RAR target gene was normally repressed in the developing CNS (Jepsen et al. 2000) . Here, we have shown that active repression of RAR signaling is required for correct anterior specification as reflected by the expression of the anterior neural markers XOtx2, XBF-1, and Xen-2. Interference with RAR-mediated repression by microinjecting a dominantnegative corepressor or reducing xRAR␣ protein with morpholino antisense oligonucleotides interfered with head formation (Fig. 3) and decreased the expression of anterior marker gene mRNAs (Fig. 4) . In contrast, increasing RAR-mediated repression by use of the potent inverse agonist AGN193109 increased the mRNA levels of several anterior marker genes (Fig. 5) . We conclude that removing RAR-mediated repression posteriorizes the neural plate, whereas increasing RAR-mediated repression is able to anteriorize the neural plate. Thus, it is repression mediated by the unliganded receptor/corepressor complex, rather than the activity of liganded RARs, that is required for the correct expression levels and spatial restriction of anterior markers during head formation in Xenopus embryos. This result establishes a novel requirement for active repression of RAR signaling during early development and shows an important function for target gene repression by unliganded nuclear receptors. It also explains the apparently paradoxical expression of RARs in regions of the embryo that require the absence of retinoid signaling for correct patterning.
Another line of evidence suggesting that absence of retinoid signaling is required for anterior development comes from the study of XCYP26, an enzyme that is believed to mediate RA clearance (White et al. 1996) . In gastrula stage Xenopus embryos, XCYP26 is expressed in the prospective neuroectoderm and in the mesoderm that will later form prechordal plate (Hollemann et al. 1998; de Roos et al. 1999) . Ectopic expression of XCYP26 anteriorizes the developing hindbrain causing a caudal shift of Krox-20 while also causing an expansion of the forebrain, as marked by Otx-2 (Hollemann et al. 1998) . These data confirm our previous experiments using the strong dominant-negative RAR, xRAR␣1 405* and suggest that the failure of other laboratories to reproduce this phenotype (Kolm et al. 1997; van der Wees et al. 1998 ) results from the different reagents used in their studies. A possible requirement for RARmediated repression in the head is further supported by two recent reports describing mice lacking CYP26 (AbuAbed et al. 2001; Sakai et al. 2001) . Disruption of CYP26 caused exencephaly that resembled the teratogenic effects of RA. These results suggest that that the absence of retinoid signaling is required for head formation. We further conclude from the results presented here that it is not the absence of retinoid signaling per se that is required, but rather active repression by unliganded RARs. Such repression might be aided by the presence of a hypothetical endogenous inverse agonist with corepressor-recruiting properties expressed in the anterior of the developing embryo.
A further novel finding is that we show here for the first time that ablation of a single RAR isoform, xRAR␣2, is sufficient to generate an unambiguous embryonic phenotype. This stands in stark contrast to the mouse knockout experiments in which multiple receptor subtypes (e.g., RAR␣ − /␤ − ) must be removed before phenotypes are observable (Mark et al. 1999) . The reason for this discrepancy between systems is unclear at present. There is evidence that indicates other RARs are upregulated in response to the loss of particular RARs in mice, suggesting a functional redundancy (Mark et al. 1999) . One possibility is that Xenopus lacks the redundant mechanism present in mice allowing the specific functions of individual RAR subtypes and isoforms to be revealed. Another possibility is that because RARs are expressed maternally ( Fig. 1 ; Blumberg et al. 1992; Sharpe 1992) , RAR-mediated repression is required at very early stages of development. In this scenario, it might not be possible to compensate for the loss of xRAR␣2 by up-regulating another RAR, as zygotic transcription does not begin until the midblastula stage (Newport and Kirschner 1982a,b) . The early window of embryonic sensitivity to RA and the spatial localization of xRAR transcripts suggests that RAR-mediated repression is required very early in development.
Induction of vertebrate head structures is thought to involve the simultaneous inhibition of BMP, Wnt, and nodal signaling (Sasai and De Robertis 1997; Weinstein and Hemmati-Brivanlou 1999) . Such inhibition is mediated by secreted antagonists such as cerberus (Piccolo et al. 1999) , chordin (Sasai et al. 1994; Sasai and De Robertis 1997; Bachiller et al. 2000) , follistatin (Hemmati-Brivanlou et al. 1994; Fainsod et al. 1997) , dickkopf (Glinka et al. 1998) , and noggin (Knecht and Harland 1997) . The requirement for RAR-mediated repression shown here suggests a simultaneous requirement for the repression of retinoid and certain growth-factor signaling pathways in head development.
We showed previously that active signaling through RARs is required for the expression of posterior neural markers . In addition to retinoids, several other factors have been implicated in neural posteriorization. These include growth factors such as cripto (Ciccodicola et al. 1989) , derriere (Sun et al. 1999) , FGFs (Pownall et al. 1996 Isaacs et al. 1998) , and members of the Wnt family (McGrew et al. 1997 (McGrew et al. , 1999 . Taken together, all of these data suggest that repression of both retinoid and growth-factor signaling is required for head formation, whereas activation of both types of signals is required for neural posteriorization. We infer that there are multiple points of interaction between retinoid and growth-factor signaling and that further investigation of the molecular nature of these interactions will be necessary to fully understand patterning along the A/P axis.
Materials and methods
Embryo culture and retinoid treatment
Xenopus embryos were obtained by in vitro fertilization and staged according to Nieuwkoop and Faber and cultured as described . All-trans-retinoic acid (RA) was purchased from Sigma. Inverse agonist AGN 193109 was synthesized at Allergan (Johnson et al. 1995) . Retinoid treatments were performed from stage 8 to stage 18-20 at 16-19°C.
Microinjection and whole-mount in situ hybridization
mRNAs were synthesized from SfiI-linearized CMX-c-SMRT (Chen et al. 1996) , CMX-GFP (Ogawa et al. 1995) , and CMX-GAL-xRAR␣ by use of the bacteriophage T7 RNA polymerase-based mMessage mMachine kit (Ambion). A total of 4 ng of c-SMRT mRNA, 0.4 ng of GAL-xRAR␣2 and/or 200 pg of GFP mRNAs were injected bilaterally or unilaterally into dorsal blastomeres of 8-cell stage embryos. A total of 4 or 10 ng of xRAR␣1 GCTCCAAACGCACTTCTACTC CCTC, xRAR␣2 (ATCCAAAGGAAGGTGAGTGTGTGTG), or control (CCTCTTACCTCAGTTACAATTTATA) morpholino antisense oligonucleotides were injected bilaterally or unilaterally at the 2-cell stage.
Whole-mount in situ hybridization was performed essentially as described ). Otx2 and En-2 were as described previously ). The BF1 probe was prepared by PCR amplification of the entire protein coding regions of the respective cDNA, adding a T7 RNA polymerase promoter at the 3Ј end and an SP6 RNA polymerase promoter at the 5Ј end. Digoxygenin-labeled sense and antisense probes were prepared as described .
Luciferase assay
The luciferase-based reporter construct tk(MH100) 4 -luc has been described . A total of 100 ng of reporter DNA was mixed with GFP mRNA and effector (GALxRAR␣, and/or c-SMRT) mRNAs in sterile H 2 O, then microinjected into both dorsal blastomeres of 8-cell embryos. Embryos were collected at stage 16 and evaluated by fluorescent microscopy to identify embryos expressing GFP in the prospective head. Groups of five such embryos were homogenized in 50 µL of lysis buffer. After a brief centrifugation, 20 µL of the extracts were used for luciferase assays .
RNase protection and RT-PCR assay
Embryos were collected at stage 20-23. RNA was isolated and assayed by RNase protection with the RPAIII kit (Ambion). The Ef-1␣ probe was as described previously (Blumberg et al. 1992) . To make antisense probes for XOtx2, XBF1, and XANF1, PCR was performed by adding bacteriophage T7 (antisense) or SP6 (sense) promoter sequences. After amplification, PCR products were added directly to the transcription reaction and [ 32 P]UTP sense or antisense probes produced by use of MaxiScript kits (Ambion).
RNA was isolated from embryonic tissues and RT-PCR was performed as described (Niehrs et al. 1994) . For PCR reactions, the following primer sets were used: xRARa1, F 5Ј-GGACTC GCAAAGATAGAGCG-3Ј, R 5ЈAGCATAATGGGGTACGTG GA-3Ј; xRARa2, F 5Ј-CTGGGAATATGGACATTGGG-3Ј, R 5Ј-GCTCCCCAAACCCTTTAGAC-3Ј; xSMRT, F 5Ј-AAAC CCATTTCACCTCCTCC-3Ј, R 5Ј-CAGGCTTCCATTAGC TGGTC-3Ј; xN-CoR, F 5Ј-AGAATTTCACCCAGTGTCCG-3Ј, R 5Ј-TTGGCAAACCTTGTTCCTTC-3Ј.
